The secondary effluent from wastewater treatment plants was reused for industrial cooling water after pre-treatment with a laboratory-scale soil aquifer treatment (SAT) system. Up to a 95.3% removal efficiency for suspended solids (SS), 51.4% for chemical oxygen demand (COD), 32.1% for Cl À and 30.0% SO 4 2À were observed for the recharged secondary effluent after the SAT operation, which is essential for controlling scaling and corrosion during the cooling process. As compared to the secondary effluent, the reuse of the 1.5 m depth SAT effluent decreased the corrosion by 75.0%, in addition to a 55.1%
INTRODUCTION
With the growing concern of water shortages and the increasing cost of freshwater exploration, secondary effluent from municipal wastewater treatment plants (WWTPs) is now being recognized as an important water source for potable and non-potable uses (Miller ; Wei et al. ) , especially in the arid and semi-arid regions throughout the world. Recently, well-treated secondary effluent has been successfully reused as a viable alternative source of makeup water in cooling water systems for thermoelectric power plants in the USA, such as the southwest region and Florida (Ehrhardt et al. ; Li et al. ) . When compared to the tap water, secondary effluent contains elevated concentrations of pollutants such as ammonia, phosphate, hardness, dissolved solids, organic and inorganic matter and are the predominant challenge for its reuse in cooling systems (Williams & Middlebrooks ) . Pollutants present in secondary effluent are commonly concentrated by four to eight times via the evaporative loss of water during reuse. Consequently, severe problems including mineral scaling, corrosion, and biofouling have been widely observed during the cooling water reusing. Thus, blending secondary effluent with a small proportion of freshwater or significant pre-treatment of secondary effluent prior to the recirculating is commonly recommended (Wijesinghe et al. ; Hsieh et al. ) .
Additional tertiary treatments, such as coagulation, ozone, granular activated carbon adsorption and membrane filtration have been widely applied as pre-treatments to the cooling water recycling to improve overall water quality and reduce the scaling potential (Bixio & Wintgens ; Kalkan et al. ; Pramanik et al. ) . Recent work by Chien et al. () demonstrated that maintaining a >3 mg/L monochloramine residual dosage in secondary effluent will successfully inhibit the biological growth in the recirculating cooling systems. Wang et al. () stated that the integrated membrane systems of sand filtrationmicrofiltration-reverse osmosis and sand filtrationultrafiltration-reverse osmosis could effectively remove the suspended solids, colloids and inorganic salts within the wastewater, and produced eligible recycling water for cooling towers. Similarly, Zuo et al. () found that a multiple membrane process would guarantee the water quality of the secondary effluent and industrial WWTP effluent for further reusing as cooling water. Liu et al. () observed that it is possible to control the crystalline fouling on hot condenser tube surfaces just by pH control (at 7.8) and antiscalant addition, with no need for any additional advanced treatment. Despite abundant evidence that the above mentioned pre-treatments exhibited a relatively high efficiency in controlling the scaling and corrosion during recycling the secondary effluent as makeup water, pre-treatment systems are costly and always require a regeneration system.
Recently, Ammary () demonstrated the effluent from As-Samra WWTP with additional soil aquifer treatment (SAT) treatment could be reused for unrestricted irrigation and for industrial purposes, especially for cooling water; however, to the authors' knowledge, research has rarely focused on the application of SAT effluent as make-up water for industrial cooling systems. Generally, SAT is an artificial water recharge technique frequently used for both water quality improvement and water resource storage (Dillon et al. ; Xue et al. ) . The water quality of the secondary effluent is substantially improved via the integrated functions of biological, chemical, and physical processes in the aquifer (Hübner et al. ) . To this end, SAT systems may be a good alternative approach to treat the secondary effluent with several advantages such as lower cost, easier operation and higher efficiency. Thus, it is attractive to study the corrosion and scaling potential of the recharged effluent as makeup water in industrial cooling systems.
This study focused on the following specific objectives related to corrosion and scaling in laboratory-scale cooling systems using secondary effluent, tertiary effluent and SAT effluent as makeup water: (1) evaluating the SAT pre-treatment on water quality improvement; (2) assessing the influence of different pollutants presented in cooling water on metal corrosion and scaling; (3) investigating the corrosion rate and scaling potential during SAT effluent circulating; and (4) studying the chemical characteristics of the formed scales/biofouling.
MATERIAL AND METHODS

Experimental secondary effluent and tertiary effluent
The secondary effluent obtained from Taiping WWTP (China) had a pH value of 7.2 ± 0.1, chemical oxygen demand (COD) of 45.1 ± 5.3 mg/L, dissolved organic carbon (DOC) of 10.1 ± 1.3 mg/L, suspended solids (SS) of 11.2 ± 6.2 mg/L, NH 4 þ of 11.2 ± 1.2 mg N/L, NO 3 À of 21.7 ± 2.1 mg N/L, chlorine of 121.7 ± 7.1 mg/L, SO 4 2À of 59.0 ± 9.1 mg/L, total hardness of 157.2 ± 19.1 mg CaCO 3 /L, alkalinity of 87.6 ± 17.3 mg/L and total phosphorus (TP) of 3.2 ± 1.3 mg/L. Tertiary effluent was obtained from the pre-treatment of coagulation/sand column filtration units. Ferric chloride (FeCl 3 ·6H 2 O) was used as coagulant in this study, with a dosage of 80 mg/L at pH 6.0. During the coagulation process, the FeCl 3 ·6H 2 O was rapidly mixed with the secondary effluent at 100 rpm for 1 min, followed by slow mixing at 30 rpm for 30 min, then settling. After the sand filtration, tertiary effluent was produced.
SAT system set-up and operation
A laboratory-scale soil column system that simulated aquifer condition in a series of three 55 cm columns (Ø ¼ 10 cm) was constructed, which operated with a cycle of 16 h wetting/8 h drying and flow rate of 15 mL/h. The average filtration rate of the SAT column ranged from 55.4 to 58.6 cm/d. A complete description of the operation parameters of the SAT system is given in Xue et al. () . The packed soil sample within the SAT columns was collected from the dry bed of Songhua River in Harbin, and sieved to render the diameter of less than 2 mm. The physical and chemical characteristics of soils for the SAT columns' packing are presented in Table 1 . Simulation of laboratory-scale industrial cooling system
Laboratory-scale cooling systems were operated with secondary, tertiary and SAT effluents (Figure 1 ) to reflect the corrosion potential and scaling in an actual industrial cooling system. For simultaneous evaluation of different scaling control programs, three towers were operated, and the temperature of water entering the tower was maintained at 40 W C. The labora- ) was packed in the cooling tower to enhance the heat transfer. The A3 seamless steel tube, with inside and outside Ø of 10 mm and 11 mm, respectively, was used as the experimental heat transfer tube. To reflect the actual condition of industrial cooling systems, the flow rate of the cooling water was maintained at 0.6 m/s. The recirculated cooling water was aerated using microporous aeration systems so that the alkalinity may approach equilibrium with CO 2 (g). Under steady state operations, the makeup water was added into the cooling system when 15% of the recirculating cooling water was evaporated. The cooling towers were tested for 30-day periods.
Bench tests of scaling using synthetic wastewater
To evaluate the potential effect of different ions within the make-up water on the scaling, a customized bench-scale water recirculating system was equipped with removable carbon steel (A3 type II) circular disc specimens to provide surfaces for scaling. In a typical test, the recirculating water was exposed to air so that the alkalinity may approach equilibrium with CO 2 gas, as is the case with full-scale cooling system operation (Li et al. ) . Before the experiments, the A3 type II steel specimens (
were cleaned by ultrasonic wash for 5 min in an ethanol solution, then rinsed with deionized (DI) water and air-dried. During detection of the different ions on the scaling, the synthetic wastewater with a Ca 2þ concentration of 240 mg/L and HCO 3 À concentration of 732 mg/L were chosen first, then varied concentration of other cations/anions were separately added. When studying the effect of HCO 3 À concentration on the scaling of the cooling system, the Ca 2þ concentration was kept constant and the HCO 3 À concentration was changed. The operational period for each bench test was kept at 10 h and temperatures at 40 W C. After scaling the experiments, the water remaining on the surface of the A3 type II steel specimens was carefully removed and air-dried for at least 48 h. The mass of each specimen was measured using an analytical balance (detection limit 0.00001 g).
Bench tests of corrosion using synthetic wastewater
To evaluate the effect of different anions/cations on the corrosion of the cooling system, corrosion potential analyzing of the A3 type II steel specimens was carried out using the weight loss method and polarization resistance method (Choudhury et al. a) . Synthetic wastewater with different concentrations of NaCl, Na 2 SO 4 , glucose (as biochemical oxygen demand (BOD)), Ca(OH) 2 , NaHCO 3 were prepared separately. The corrosion was studied in 500 mL synthetic wastewater which stirred (120 r/min) at 40 W C for 72 h, with a 50 mg/L aminotrimethylenephosphonic acid additive as corrosion inhibitor. The corrosion rate of the steel specimen within different solutions was calculated from Equation (1):
where X is the corrosion rate (mm/a), m is the weight loss of the steel specimen (g); m 0 is the weight loss of the steel specimen within the DI water (g); s is the surface area of the steel specimen (cm 2 ); ρ is the density of the steel specimen (g/cm 3 ); τ is the exposure period (h); and 8,760 is the hours in 1 year.
Chemical analyzing
All water samples were filtered using a 0.45 μm cellulose nitrate membrane filter and stored at 4 o C prior to analysis. Chemical parameters of COD, DOC, total organic carbon (TOC), NH 4 þ -N, NO 3 À -N, total nitrogen (TN), TP, and SS were analyzed according to Standard Methods (APHA ). X-ray diffraction (XRD) patterns of the formed scales were carried out using a Rigaku 2400 diffractometer (DMAX-2400, Rigaku, Japan) using Cu Kα (λ ¼ 1.5406 Å) at step scan of 0.02 W from 10 to 80 W . The pH of water solutions and soil samples was measured using pHS-3TC pH meter (Rex, Shanghai Precision Scientific Instrument Co., China). Excitation-emission matrix (EEM) was measured in a 1-cm cuvette using a Jasco FP-6500 spectrofluorometer (Tokyo, Japan) at 24 W C. The secondary effluent, tertiary effluent and SAT effluent was diluted to 1 mg/L of DOC using 0.01 mol/L KCl and acidified to pH 3 with HCl. A xenon lamp was the excitation source, and the excitation and emission slits were set to a 5 nm band-pass. The infrared spectra of the formed scales fractions were obtained using 2-5 mg of dried powders lyophilized in potassium bromide pellets. The Perkin Elmer Spectrum One B Fourier transform infrared (FT-IR) spectrometer (Waltham, MA, USA) was scanned from 4,000 cm À1 to 400 cm
À1
. The spectra were baseline corrected and normalized to 1.0 for comparison.
RESULTS AND CONCLUSIONS
Pollutants removal during the artificial SAT system operation Water quality of the secondary effluent, laboratory-scale 1.5 m SAT column effluent and tertiary effluent are shown in Table 2 
0.14 ± 0.02 0.08 ± 0.01 0.09 ± 0.02 Na (mg/L) 94.7 ± 5.7 63.2 ± 6.2 57.6 ± 4.1 Turbidity (NTU) 6.2 ± 0.7 4.1 ± 0. TP (mg/L) 3.2 ± 1.3 2.9 ± 0.5 0.08 ± 0.03 Mg (μg/L) 11.4 ± 0.7 11.2 ± 0.8 3.2 ± 0.5 TN (mg/L) 32.4 ± 3.7 24.2 ± 3.1 27.8 ± 2.6 Ni (μg/L) 0.005 ± 0.001 0.004 ± 0.001 ND
Zn (μg/L) 60.0 ± 8.8 14.0 ± 2.7 23.5 ± 2.9
Faecal coliforms (/L) 17,000 ± 2,000
pH, elevated temperature, continuous aeration and sunlight in the cooling system provided an ideal condition for the biological growth and would lead to a simultaneous mineral scaling and biofouling. Therefore, the efficient removal of the organics, especially of the biodegradable non-aromatic components within the SAT system, is meaningful for reusing the treated municipal wastewater in cooling systems. Moreover, the reusing of the SAT effluent as makeup water would also benefit from its increased effluent pH (from the 7.20 to 7.94), because enhanced corrosion rates would arise at lower pH conditions ( Generally, the organic pollutants, heavy metals, TP, SS, NH 4 þ -N, SO 4 2À and Cl À in the secondary effluent could be more effectively removed by the SAT system than the tertiary treatment. Furthermore, a calculation of saturation index and stabilization index demonstrated that the secondary effluent and tertiary effluent was inclined to cause corrosion and scaling, while only scaling for SAT effluent (data not shown). Thus, SAT treatment could be used as an alternative approach for cooling makeup pre-treatment for its low cost, high efficiency and reduction of operational problems. As shown in Figure 2(a) , the EEM contour maps of secondary effluent revealed significant fluorescence peaks in Regions II, III and V by Chen et al. () and Wei et al. () , referring to the redundancy of tryptophan related aromatic proteins, fulvic acid-like and humic-like components, respectively. In addition, the EEM spectrum of the secondary effluent showed shoulder peaks of tyrosine related aromatic proteins (Region I) and soluble microbial byproduct-like material (SMP) (Region IV). Coagulation/ sand filtration could decrease the intensity of the Regions II and IV fluorophores significantly (declined 41% and 43%, respectively), indicating that fulvic acid related materials and SMP related components were efficiently removed during the tertiary treatment. Correspondingly, the decreasing intensity of Region V is much lower than that of Region III. Overall, the transformation of the fluorophores during the SAT operation differed from that of the tertiary treatment, which showed an intensity declining trend of Region IV > Regions II > Region V > Region III. In comparison with the tertiary treatment, the fulvic acid and humic acid related fluorophores were significantly removed, while less for the SMP related and aromatic protein related peaks. According to Kantar et al. () and Liu et al. () , the multivalent heavy metals could be easily combined with the aromatic components and produced the sediments, thus scaling would be partially controlled via the significant removal of those aromatic materials. In addition, a sharp decline of the aromatic proteins and SMP-like components was essential for reducing the production of biological silt, and was both beneficial for the control of corrosion and scaling.
Effect of different ions in synthetic wastewater on the corrosion of cooling system
Corrosion is the deterioration process of metals as a result of electrochemical reactions; it involves two half-cell reactions of an oxidation reaction at the anode and a reduction reac- (glucose) and NO 3 À -N in the makeup water was seldom a corrosion problem at a low concentration (<20 mg/L), as evidenced by the low corrosion rate observed in Figure 3 (lower than 0.125 mm/a). However, steady increasing of BOD from 20 to 50 mg/L would increase the iron corrosion rate and were quite different from the observation that organics decreased the corrosion rate of mild steel in sea water via the formation of iron-organic matter complexes (Bhosle & Wagh ) . Overall, the following contribution sequence on corrosion was eventually obtained for different ions during the cooling water system operation:
Effect of different ions in synthetic wastewater on the scaling of cooling systems
Scale always formed on the pipe surfaces of cooling water systems via metal salts supersaturation, and the effect of concentrations of Cl À , SO 4 2À , Ca 2þ , HCO 3 À , NO 3 À , NH 4 þ , and BOD on the scaling was determined in batch test using synthetic wastewater. As shown in Figure 4 , increasing the concentration of NH Contrarily, the existence of PO 4 3À in synthetic wastewater led to significant scaling during the cooling water circulation, and increasing the PO 4 3À concentration from 2 to 100 mg/L negatively reduced the anti-scale rate from 74.3 to 18.8%. Morse & Knudsen () reported that PO 4 3À was the main precursor of the scaling during cooling tower operation, which was similar to our observation. In addition, increasing SO 4 2À input from 100 to 150 mg/L led to a slight increase of the scaling of the cooling system, and this negative role for scaling control was partially due to the formation/crystallization of anhydrite, hemi-hydrate or gypsum within the cooling system (Al-Rawajfeh ). The negative effect of NO 3 À and BOD exhibited a similar distribution trend and the antiscale rate decreased slightly as the concentration of those two components increased. Besides, the existence of a low concentration of Ca 2þ below 100 mg/L partially protected the cooling system from scaling, and there was a plateau for anti-scale rate when the concentration of Ca 2þ was at about 50 mg/L (Figure 2(b) ). However, once the concentration of Ca 2þ exceeded 150 mg/L, it showed a negative effect on the scaling control. This is consistent with the traditional observation that calcium was the principal cationic species during the scaling process (Li et al. ) . Overall, scale potential increased with increasing concentration of PO 4 3À , Ca 2þ , SO 4
2À
, BOD and NO 3 À , emphasizing the importance of controlling these pollutants before cooling water reuse.
Corrosion and scaling of cooling system during reuse of different effluents
Considering that the typical anions and cations in the makeup water concentrated as many as four to five times through evaporation in the cooling tower (Vidic et al. ) , it is clear that the different chemical characteristics of makeup water significantly affected the corrosion potential and scales production. As expected, cooling systems, which received the tertiary effluent and the SAT effluent as makeup water, was characterized by a relatively low scale production and corrosion potential in comparison with that using secondary effluent. As shown in Table 3 , the corrosion rate of the laboratory-scale cooling system, which operated with secondary effluent, was 0.336 mm/a, much higher than that of the Chinese criterion 'Design criterion of the industrial circulating cooling water treatment' (GB 50050-95). For comparison, the reuse of the SAT effluent and the tertiary effluent decreased the corrosion rate by 74.4% and 47.6%, respectively (0.086 mm/a for the SAT effluent and 0.176 mm/a for the tertiary effluent), where each can satisfy the criterion of GB 50050-95 of China.
On the other hand, the weight of the scales/biofouling obtained from the cooling system using the tertiary effluent as makeup water decreased 27.8% as compared with that of secondary effluent, and reduced 55.1% for the SAT effluent cooling process instead (from 2.16 to 0.97 g). Moreover, the density of the formed scales/biofouling in the cooling system was 0.71 g/cm 3 for secondary effluent, which increased to 1.20 g/cm 3 for the tertiary effluent, and further to 1.28 g/cm 3 for the SAT effluent. Those results definitely demonstrated that the reuse of the tertiary effluent and the SAT effluent would significantly increase the bulk density of the formed scales/biofouling, and consequently decline the bulk volume of the scales/biofouling (a compacted structure). Since the biofouling growing can deteriorate the heat transfer of the cooling system (Pu et al. ; Rubio et al. ) , thus the reusing the SAT effluent as makeup water is more attractive for the controlling of scaling and corrosion, as well as enhancing the heat transfer and overall performance for industrial cooling system.
Chemical composition and structure of the formed scales in cooling system
Chemical compositions of the formed scales/biofouling obtained from the laboratory-scale industrial cooling system (which used the secondary effluent and the SAT effluent) were analyzed by XRD and FT-IR spectrum (Figures 5 and 6) . Overall, the chemical composition of the scales/biofouling obtained from the cooling system using the SAT effluent was quite different from that of the secondary effluent, due to the abundant existence of γ-FeOOH, FeO(OH) and CaCO 3 (while Fe 2 MnO 4 and CaCO 3 for the secondary effluent). Specifically, up to a 46.9% of the Fe oxide was found for the scales/biofouling obtained from the secondary effluent cooling system, followed by organics (14.8%) and Ca oxide (2.3%), while the percentage of the Al-, Cu-, Mg-oxides was relatively lower. The percentage of the Fe oxide in the scales/biofouling obtained from the cooling system using tertiary effluent was decreased to 42.3%, and further declined to 37.8% for the SAT effluent cooling system. On the other hand, the Ca oxide percentage in the scales/biofouling obtained from the three cooling systems increased in the trend of secondary effluent (2.3%) < tertiary effluent (6.1%) < SAT effluent (10.1%), while that of the organics showed a distribution trend of secondary effluent (14.8%) > tertiary effluent (10.3%) > SAT effluent (8.9%). Thus, the biofilm growth in the cooling system using the secondary effluent played an important role in surface fouling, as the volatile organics were continuously detected (burnable at 500 W C); this observation was consistent to that of Li et al. () . Moreover, the higher content of Ca oxide within the scales from SAT effluent cooling system may be the main reason for its higher density and compacted structures (Table 3) . FT-IR results ( Figure 6 ) revealed that the scales obtained from the secondary and the SAT effluent related cooling systems were characterized by the OH groups (3,300 cm À1 ), aliphatic C-H stretching (2,950-2,850 cm À1 , 1,470-1,420
and 1,400-1,380 cm À1 ), aromatic C¼C peaks (1,640-1,550 cm À1 ), esters, ethers and phenols related C-O stretching (1,280-1,137 cm À1 ), indicating the production of biological suspend solid within the scales/biofouling during the above mentioned two cooling processes. Specifically, a more strong C¼C peak (1,660-1,590 cm À1 ) of the secondary effluent related scales implied that the aromatics biological SS were abundantly produced, ascribing to the higher content of SS within the secondary effluent in comparison with that of the SAT effluent. In addition, low molecular related esters, ethers and phenols were observed within the SAT effluent cooled cooling system.
CONCLUSIONS
The following conclusions are drawn based on the presented experimental results:
1. SAT pre-treatment was an effective approach for reusing secondary effluent as the makeup water for a cooling system. 2. In comparison with the secondary effluent, reusing the SAT effluent in the laboratory-scale cooling system led to a 74.4% reduction of corrosion rate, as well as a 55.1% decrease of scale/biofouling production. Moreover, the compacted characteristics of the scale/biofouling obtained from the SAT effluent cooling system were essential for enhancing the heat transfer and overall performance of the system. 3. by SAT pre-treatment was beneficial for the scaling control. 4. FeO(OH), γ-FeOOH and CaCO 3 were the predominant components of the scales obtained from the cooling system using SAT effluent as makeup water. Fe oxide was the major component of the produced scales regardless of the cooling water characteristics, with a percent distribution of secondary effluent (46.9%) > tertiary effluent (42.3%) > SAT effluent (37.8%). Conversely, the percentage of Ca oxide in the scales increased with the following trend: secondary effluent (2.3%) < tertiary effluent (6.1%) < SAT effluent (10.1%).
